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ABSTRACT
Carbon fiber composites are very much imperative to future-generation aircraft structures.
However, lightning strike protection (LSP) and electromagnetic interference (EMI) are one of the
main concerns of today’s aerospace industries. Carbon fibers have very good mechanical
properties with the best strength-to-weight ratios, but they are very poor conductors of electricity.
These fibers must be reinvented to increase the electrical conductivity of an aircraft structure and
to increase the surface conductance of the composite. This present study deals with preparing
composite sandwich structures of carbon and glass used for commercial nacelle applications
subject to lightning strike effects with different metallic nanofilms of gold (Au), copper (Cu) and
submicrofilms of silver (Ag), and aluminum (Al) measuring approximately 100 nm used on the
top layers of the aircraft structure.
Initial lightning strike results for a composite sandwich structure using gold nanofilm were
obtained to observe lightning strike damage and structural tolerance necessary to observe the
damage tolerance capability. Results were correlated with microstructure analysis. Resistance of
composite panels with metallic submicro and nanofilm under various strains was studied. It was
found that resistance of the metallic submicro and nanofilm increased under strain. The voltage
was found to be low; hence, an increase in current would help to reduce the damage on composite
panels due to lightning strikes, and the same theory would be applicable to EMI. No EMI was
absorbed or reflected in the submicro and nanofilm using the P-static test. When lightning strikes
were applied to composite coupons, the resulting damage from the currents was reduced on those
with metallic submicro and nanofilms. C-scan results for the area of damage were correlated with
results pertaining to lightning strikes and electromagnetic inference.
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CHAPTER 1
INTRODUCTION
1.1

Motivation
Advances in the fabrication and design of a new concept with new materials has led to a

complete shift in the avionics industries. Metals are being replaced with composites as efficient
engineering solutions for airplane structures. Composites are being studied extensively in both the
aerospace and automotive industries. Their unique physical properties, such as high specific
modulus, good corrosion resistance, and better strength, have led many industries to consider
replacing traditional metals with composites. These properties can be customized according to
applications, depending on the change in fiber and the resin systems. This replacement of metals
with composites has resulted in some major problems, such as damage on the composite structure
due to lightning strikes and electromagnetic interference (EMI).
On average, it is been estimated that each airplane in the U.S. commercial fleet is struck
by lightning more than once a year [1]. Lightning is usually triggered in the atmosphere due to
heavily charged particles in the clouds. When an airplane flies through a heavily charged region,
lightning strikes can result, causing damage to the composite structure of the airplane and creating
many problems, such as delamination, resin vaporization, etc.
In the U.S, the last confirmed commercial plane crash attributed to a lightning strike was
in 1967, which caused a catastrophic explosion of the fuel tank [1]. Since then, many studies by
avionics industries and research scientists have been performed on a lightning strike protection
system for the composite structure. If the crew and passengers in an airplane hear a loud noise and
see a lightning flash, and if nothing serious happens, then likely it is because lightning strike
protection (LSP) techniques have been engineered into the aircraft and its sensitive components.
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The evolution of composites and their replacement with traditional metals has once again
opened a new area of LSP research, because composite structures are better insulating materials
than metals. The initial idea of using composites in airplanes was to reduce the weight. Now
research is involving the laying of thin metals on top of composites as well as introducing metal
meshes, but at the expense of the initial idea of reducing the weight of airplanes.
The growing influence of electronics has resulted in unwanted signals, which degrade the
performance of electronic equipment in an airplane. Both internal and external sources of
electronic signals may lead to jamming sensitive navigation and tactical equipment, even
disrupting an airplane’s control system. EMI may even scuttle an airplane’s landing or takeoff.
Electromagnetic interference refers to the reflection and/or adsorption of electromagnetic
radiation material, thereby acting as a shield against the penetration of the radiation [2]. EMI
includes high-frequency waves such as radio waves, like those emanating from cellular phones,
which tend to interfere with electronics such as computers. The importance of EMI shielding
relates to the high demand of today’s society for reliable electronics and the rapid growth of radio
frequency radiation sources [3–12].
1.2

Research Objectives
The objective of this thesis was to design and evaluate a new methodology that will

optimize lightning strike and electromagnetic interference on composite structures and provide
airworthiness solutions. Currently, composite structures are protected using metallic meshes of
aluminum or copper, which are bound to the outer surface of the composite structure. Other
metallic meshes like nickel and phosphorus bronze are also used, but they are less accepted
compared to aluminum and copper. However, the additional weight of metals in this application
counterbalances the whole purpose of employing composites because they are lightweight.
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Not only the increase in weight is an issue, but studies have concluded that galvanic corrosions
will occur on composite structures, due to the flow of electrons in the presence of an electrolyte.
The present work will discuss the potential engineering solutions for lightning strike
protection for composites that could meet the present guidelines and regulations yet remain
lightweight and financially cost effective. Here, metal meshes are replaced with very lightweight
submicro and nanofilm. Impregnating the polymer matrices of the composite with nanoparticles
not only improves the mechanical modulus but also its electrical conductivity [13-16]. Nanofilms
such as silver, gold, aluminum, and copper, which have highest conductivity, have been used in
experiments. These nanofilms not only provide a comprehensive solution to lightning strikes but
also to electromagnetic interference, where the electromagnetic waves signals can be reflected
outright, thus reducing entry points rather than absorbing and dissipating the signals through the
skin of the composite and grounding the aircraft.
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CHAPTER 2
LITERATURE REVIEW
2.1

Lightning Environment
Lightning is a recurring problem. Aircraft can expect one lightning strike between each

1,000th and 10,000th flight, which for a commercial plane is about once a year [17]. The lightning
strike that discharges a high amount of electrical current always travels toward the least-resistant
parts of the composite structure. Therefore, airplane composite structures not well protected from
lightning strikes or electromagnetic interference can suffer severe consequences, such as
vaporization of the metal control cables. Damage to the airplane composite structure consists of
delamination as well as vaporization of the resin system in the composite panels [18].
Airplanes that are primarily made of metals like aluminum have been utilized for quite a
long time, since they are electrically conductive and are shielded from lightning strikes [19].
Likewise, a radome is a structural, weatherproof enclosure that secures the receiving antenna by
deflecting the lightning strike to an ensured and grounded area of the airplane, while at the same
time permitting high-frequency electromagnetic waves through the airplane structures without any
interference [20].
Over the years, the aviation industry has turned from metal to composite airplane
structures, because the composites have very high specific weight ratios, thus allowing the industry
to save on fuel, which is one of its biggest challenges. This change is not only due to weight but
also to the increase in mechanical properties, such as high specific stiffness and strength [21].
Unfortunately, fiber-reinforced polymer (FRP) composites are insulating when compared
to metals, so there is less conductivity, which would result in damage to the composite structure
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as the result of a lightning strike. Because FRP composites are less conductive, the EMI would
also increase, thus resulting in signal interference.
There is a need for a lightning strike protection solution that forces electrical discharges
generated from lightning strikes and electromagnetic interference to flow through the airplane
harmlessly and exit towards the ground without damaging the composite structure system. The
most serious harm occurs when lightning enters through the least-resistant parts of the structure
where the energy density is highest and then exits. Some of the major avionic industries are
exploring strategies and investigating methods on this issue of LSP, so that damage is avoided and
eliminated to the greatest extent. The aerospace industry has developed various methods for LSP,
such as interwoven wires, conductive coated fibers, conductive surfaces and paints, woven mesh,
and expanded foil.
2.2

Principles of Lightning Strike Protection
Lightning phenomena and the LSP principal is a process where lightning typical strikes

airplane with electrical currents during take-off, landing, or travel through a tempest cloud [22].
Lightning strikes can occur from cloud to ground, cloud to cloud, ground to cloud, or intracloud
[23]. Intracloud strikes (inside the cloud itself) are more critical in spite of the attention paid to
cloud-to-ground strikes, because subsequent lightning strikes experienced by the airplane are
inside the cloud [20, 23]. Lightning usually strikes at the nose, wing tip, or other extremities of the
aircraft [18].The electrical current of lightning always travels though the shortest and most
conductive way conceivable in its electrical “circuit” and exit from another extremity of the
airplane. The return stroke is the positive current that travels from the ground to the cloud.
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As the aircraft moves among lightning strikes, the electrical discharge moves along the
airplane which is being swept along for a short distance. “Hang on” is the phenomenon of the
lightning current that flows through an attachment point of a composite structure.
The energy density resulting from lightning is always concentrated at the entry and the exit
of an aircraft through the surge of the current. If energy is concentrated at a higher density on the
composite structure, then this would result in vaporization of the composite’s resin system. If the
conductivity is higher for composites, then the diffusion of an energy spike would be quicker. The
fundamental objective of lightning strike protection is to provide a safe electrically conductive
path on the exterior of the structure, thus allowing most of the lightning’s current surge to quickly
discharge without serious damage to the composite structure [18].
The passive lightning protection system using metallic meshes, conductivity coatings,
interwoven fibers, and metallic wires is based on the principle of the Faraday cage, or Faraday
shield. Invented by Michael Faraday, the Faraday cage is an enclosure formed by a conductive
material from an external electrical field. To have accurate knowledge of the effect of lightning on
aircraft, it is necessary to have sound knowledge of the physics behind this phenomena—how
lightning is generated and how it is extinguished.
2.3

Origin of Lightning
Lightning flashes are generated with particles in the charge centers of clouds, especially

cumulonimbus clouds, but they also can occur in other atmospheric conditions [1]. The charges in
the cloud are created by complex interactions where the movements of raindrops and ice particles
involve collision and splintering, called freezing and melting. Basically the top of the
cumulonimbus clouds accumulates mostly positively charged particles, and the lower regions are
usually negative.

6

Even though the base of the cumulonimbus clouds has primarily negatively charged
particles, there is also the chance of small positive charges there. The cumulonimbus cloud is
shown below in Figure 1. Both positive and negative charged particles create electrical fields in
the cumulonimbus cloud; hence, lightning flashes may be generated as the result of ionization due
to air producing electrical sparks due to electrical charges [1].

Figure 1: Cumulonimbus cloud
Lightning strikes can be of three types:

2.4



Intra-cloud discharge: flash between opposite polarities within a cloud.



Inter-cloud charges: flash between opposite polarities in different clouds.



Cloud-to-ground charges: flash that originates in the cloud and propagates to the ground.
Lightning Strike Mechanism
Lightning strike formation begins with a stepped leader, which is the first strike or initial

strike for the lightning phenomenon to occur. At the point when a stepped leader spreads outward
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from a cloud charge focus, a definitive destination of the leader, at an inverse charge focus in the
cloud or on the ground, has not yet been resolved. The electrostatic field results from the difference
of potential that exists between the stepped leader and the opposite charges, resulting in the
establishment of an electrostatic field between them, represented by nonexistent equipotential
surfaces, which are shown as lines in Figure 2. The field force, normally communicated in kilovolts
per meter, is most noteworthy and is where equipotential surfaces are nearest each other. This field
or area allows the air to ionize and form conductive sparks, which is called a leader. When the
direction of the electrostatic force is normal and closer together to equipotential, the stepped leader
is well on the way to advancing toward the most intense field regions [1].

Figure 2: Stepped leader mechanism
Because aircraft have some electrical potential and are typically a large conductor, they
will attract or compress the adjacent equipotential. Thus, the aircraft extremist has increased
electrical field intensity between it and the charge sources, resulting in an advancing stepped
leader. If the plane is far from the intervening field, the generated electrical field would be less,
but as it nears the intervening field, the charge would become more intense, and the lightning flash
will advance directly towards the aircraft extremities, where the equipotential lines would be
8

compressed. Such extremities are the nose, antennas, wings, and empennage tips, as shown in
Figure 3. When the leader advances to an increased field of 30 KV/cm, electrical sparks are
generated as air ionizes at the sea-level pressure. These sparks are referred to as streamers, which
continue to propagate until the field is about 5–7 KV/cm. The generated streamers would meet
nearest the evolving stepped leader to form a continuous spark, called the junction leader [1].

Figure 3: Electric field compression around aircraft
2.5

Standard Lightning Environment
Lightning strikes typically takes place in thunder storms or dust storms, where a stepped

leader can reach up to 3,000°C and can travel at 60,000 m/s during atmospheric lightning
conditions [24]. Every year it has been reported that 16 million storms take place where the
average lightning strike bolt can charge up to 500 MJ and carry an electric current of 40 KA and a
charge of 5 coulombs. Larger bolts carry up to 120 KA and 350 coulombs. Also, the voltage
depends on the bolt’s length, where the dielectric breakdown of air is 3 million volts/meter. For
instance, this equates to approximately 1 GV for a 300 m lightning bolt. Therefore, an electric
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current of 100 KA emits 100 terawatts of power. The lightning current waveforms are shown in
Figure 4. Component A is the initial current, also referred to as the first return stroke. Components
B and C are intermediate currents, which are continuous for a longer period of time. During this
period, the first stroke would be a hang on with subsequent restrikes. Component D is the
subsequent return stroke [19].

Figure 4: Lightning current waveforms (SAE Regulations)
Component A (First Return Stroke)
Peak Amplitude:
Action Integral:
Time Duration:

200KA (± 10%)
2 x 106 A2s (± 20%) (in 500µs)
≤ 500 µs

Component B (Intermediate Current)
Max. Charge Transfer:
Average Amplitude:
Time Duration:

10 Coulombs (± 10%)
2KA (± 20%)
≤ 5ms

Component C (Continuing current)
Amplitude:
200–800A
Charge Transfer:
200 Coulombs (± 20%)
Time Duration:
0.25 to 1s
Component D (Subsequent return Stroke)
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Peak Amplitude:
Action Integral:
Time Duration:

100KA (± 10%)
0.25 x 106 A2s (± 20%) (in 500µs)
≤ 500 µs

According to Federal Aviation Administration (FAA) regulations, aircraft should be able
to sustain any catastrophic damage of the same standard on all vehicle categories from lightning
strikes [19]. The lightning strike zones have been categorized by the Society of Automotive
Engineers (SAE) according to various lightning currents and voltages [19], as shown in Figure 4
and the areas of distribution in Figure 5. The zones are explained following Figure 5.

Figure 5: Lightning strike zone areas (SAE ARP 5414)
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Zone 1A (first return stroke): A stroke with low probability of flash hang on.
Zone 1B (first return stroke zone with long hang on): First return stroke, where there is
high probability of flash hang on.
Zone 1C (transition zone): Low probability of flash hang on due to reduced amplitude on
first return stroke.
Zone 2A (swept stroke zone): Low probability of flash hang on after return stroke.
Zone 2B (swept zone with long hang on): High probability of flash hang on after return
stroke.
Zone 3: Located between other two zones but experiences the least amount of current swept
stroke [1].
2.6

Electromagnetic Interference
Electromagnetic interference protection refers to the reflection and/or adsorption of

electromagnetic radiation by a material, which acts as a shield against the penetration of radiation.
Electromagnetic radiation, especially at high frequencies, e.g., radio waves, from cellular devices
has a tendency to interfere with gadgets such as computers. EMI shielding of both gadgets and the
radiation source is required and is progressively required by governments around the globe. The
importance of EMI shielding relates to the rapid growth of electronic devices, which are typically
sufficient for causing signal interference in aircraft structures. However, electrical conductivity is
not frequency radiation sources [3-12]. EMI shielding is different from magnetic shielding, which
refers to the low frequencies at which magnets are shielded (around 60 Hz). EMI shielding is
usually required for rapidly growing market of carbon composites [25].
The essential purpose of EMI shielding is reflection. In order for the shield to reflect
radiation, it must have portable charge transporters (electrons or holes) that cooperate with the
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electromagnetic fields in the radiation. Accordingly, the shield has a tendency to be electrically
conducting, despite the fact that a high conductivity is not required. Different means of radiation
may cause indirect damage to the composite structure, as shown in Figure 6. For instance, a volume
resistivity of the request of 1 V cm is ordinarily adequate. Electrical conductivity is not the
experimental paradigm for shielding, because conduction requires a network in the way of
percolation if there should arise an occurrence of a composite material containing a conductive
filler while shielding does not. Despite the fact that the shielding does not require availability, it is
improved by the network.

Figure 6: Various electromagnetic paths for interference
Metals are by far the most well-known materials for EMI shielding. They work
predominantly by reflection because of their free electrons. Metal sheets are massive, so metal
coatings made by electroplating, electro-less plating, or vacuum deposition are regularly utilized
for shielding [26-41]. The covering might be on the mass materials, filaments, or particles.
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A secondary purpose of electromagnetic interference shielding is typically absorption. For
noteworthy absorption of radiation by the shield, the shield ought to have electric and/or attractive
dipoles that collaborate with electromagnetic fields in the radiation. Electric dipoles might be given
by BaTiO or different materials having a high estimation of the dielectric constant. Magnetic
dipoles might be given by FeO or different materials having a high estimation of the magnetic
permeability [26], which might be improved by reducing the quantity of magnetic domain walls
using a multilayer of magnetic films [42,43].
Reflection loss is a function of the ratio σr µr, and absorption loss is a function of the
product σr µr, where σr is the electrical conductivity with respect to copper, and µr is the relative
magnetic permeability. Silver, copper, gold, and aluminum have excellent reflection properties
because of their high conductivity. The reflection loss diminishes with increasing frequency,
although absorption loss increases with frequency [25].
2.6.1 History of Electromagnetic Interference
It could be said that aviation and communication have grown up together. Since the 1920s,
radio advancements have reliably and persistently empowered the constantly growing requirement
for aviation vehicle navigating and communicating capacity. Also since the 1920s, with a couple
of special cases, the radio range for aeronautical radio administration has been composed and
secured by law, in order to minimize the capability of EMI from other radio administrations. EMI
impacts from lightning, electrostatic release, and high-power radiated fields from radar and
transmitters have resulted in various aircraft mishaps throughout the years, resulting in the
subsequent manufacturing of aircraft with considered aspects of design and certification [25].
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2.6.2 Electromagnetic Interference Phenomena and Shielding
Electromagnetic interference refers to electromagnetic waves that meddle with various
communications and electronic gadgets on aircraft. Subsequently, these are secondary reasons for
lightning strike protection when considering furnishing aircraft with EMI shielding. Protection on
EMI were done with different materials [44–48]. The fundamental principle of EMI shielding is
the Faraday cage, in which electromagnetic waves are restricted from entering any closed surface
enclosed by a conductive material.
The shielding effectiveness is represented by the amount of power from the incident wave
that seeps through the material over to the original amount of power sent towards it [44]. The
fundamental purpose of EMI shielding is reflection [44]. Losses, whether the result of reflection
or absorption, are usually communicated in decibels (dBs). The total number of losses is expressed
as shielding effectiveness (in dB). Absorption losses always correspond to the thickness of the
shield. Electromagnetic radiation at high frequencies enters just the closed surface locale of an
electrical conduit, which is known as skin impact. The electrical field of a plane wave entering a
conveyor drops exponentially with expanding profundity into the channel. At depth δ, the
estimation of the electromagnetic field decreases to 1/e (scientific, mathematical consistent) for
profoundly conductive materials and is given by [44]
𝛿=

1
√𝜋𝑓𝜎𝜇

=

1
𝛼

Where σ (S/m) is the electrical conductivity, f (Hz) is the frequency, µ (Hm- 1), is the magnetic
permeability, and α (S Hz H/m2) is the attenuation constant.
2.7

Introduction to Composites
A composite material is a macroscopic constituent of two or more distinct materials having

a recognizable difference between them. Their advantages over traditional materials have gained
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them a reputation for high performance and lightweight applications. Due to their advantages,
their use has increased in various aerospace, automobile, sports, infrastructure, and marine
applications.
For a material to be called a composite, it must meet certain criteria. For example, being
insoluble with each other, the constituents should combine with each other at the macroscopic
level and have properties that are not delineated by any of the constituents alone [49]. Likewise,
there are two fundamental constituents in a composite material: the fibers and the matrix. The
matrix acts as a binder to the fibers or encloses the reinforcements, viably securing the whole
composite material and dispensing load on the fiber reinforcements [49]. The fibers are considered
the main or primary load-bearing constituents and are more brittle than the matrix. They can be
classified, based on their reinforcements, as short fibers, long fibers, particulates, and whiskers.
Based on orientation, they are classified as unidirectional, multidirectional, crossed, and aligned,
as shown in Figure 7.

Figure 7: Fiber classifications
The design and manufacturing of composite structures have been pursued in both
evolutionary and progressive ways. They began with a hand lay-up and labor- and cost-intensive
autoclave processing using mechanized procedures involving injection molding and extrusion,
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which were traditionally used with the processing industry. The most vital manufacturing process
of composites applied to various manufacturing industries including aerospace is the hand lay-up
method involving impregnated prepregs and autoclave cure. [50] Although the manufacturing
processes have experienced consistent and innovative changes, the prepreg lay-up process using
an autoclave or vacuum bagging is still considered the best method used in aerospace composite
structures. Its usage for a large variety of shapes comes from the extreme flexibility of the process
which allows the manufacturing of composite structure using this method [51].
Because all resin systems are used in the matrix, these are impregnated into various fiber
forms. The resin system impregnated into fibers is no longer in the low-viscosity stage, but rather
in the advanced B-stage level curing for better handling properties. Different available products in
prepeg form are unidirectional, woven, continuous stand roving, and chopped mat, as shown in
Figures 8 and 9. Prepregs materials are stored below 0°F and are cured at either 250°F or 350°F.

Figure 8: Unidirectional prepregs
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Figure 9: Woven prepregs
The primary manufacturing methods used to produce composites include: manual lay-up,
automated lay-up, spray-up, filament winding, and pultrusion. Hand lay-up is one of the manual
lay-up techniques for manufacturing of composites where manufacturing is performed utilizing
pre-impregnated reinforcement material, called “prepregs.” The utilization of prepreg material
avoids the individual handling of the reinforcement and the resin, which enhances the part quality
by providing more predictable control of the reinforcement and resin contents. Prepregs are made
of fabrics and strands that are pre-impregnated, under heat and pressure or with solvent, with a
pre-catalyzed resin, as shown in Figure 10.

Figure 10: Hand lay-up technique
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The catalyst is generally latent at surrounding temperatures, giving the materials a few
weeks, or sometimes months, of useful life when defrosted. However, to draw out capacity life,
the materials are stored frozen. The resin is typically a near-solid at ambient temperatures, thus the
pre-impregnated materials (prepregs) have a light sticky feel to them, like adhesive tape.
Unidirectional materials take fiber directly from a creel and are held tight using resin. The prepregs
are laid up by hand or by machine onto a mold surface, vacuum bagged, and then cured in an oven
or autoclave. This permits the resin to reflow through the fibers, in the end producing a solid
composite.
2.8

Adhesives
Many and various forms of adhesives are available on the market. They are classified as

film adhesives, paste adhesives, and foaming adhesives. Film adhesives are primarily used in
structural bonding applications like aerospace. These thin films are supported on a release paper
and stored in refrigerated conditions below 0°F. Various Film adhesives are available using
catalytic curing agents with a wide range of toughening and flexibility agents. Different types of
adhesives are shown in Figure 11.
The film material supports the fibers, which are used to improve handling of the film before
curing and also assist in bondline thickness control. But these adhesives can also be used as
bonding agents between composites or between composites and other materials. These adhesives
can also be used as a separating agent between two materials.
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Figure 11: Various arrangements of adhesives
2.9

Damage in Composite Structures due to Lightning Strikes
Lightning is commonly simulated utilizing extremely large banks of capacitors having

energy storage in parallel or series–parallel setups, and every waveform requires a different
lightning generator [52]. Lightning tests are passed or fizzled just, contingent upon whether the
damage compromises aircraft safety [20]. Aircraft structural damage is shown in Figure 12. At
high streams, lightning strikes will regularly do some harm, even on composite structures having
protection, which cannot be anticipated before testing [20].

20

Figure 12: Damage due to lightning strikes on aircraft composite structure
Lightning has two kinds of impact on an aircraft: direct [53] and indirect [54]. The direct
effects of lightning incorporate embrittlement or vaporization of resin in the immediate strike
region and conceivable delamination or burn-through of the laminate, i.e., plies or layers of
composite materials [53]. Protection becomes more critical with those composite structures
carrying fuel, which could ignite the fuel vapors because of electrical sparking resulting from
lightning strikes [19]. Indirect effects of lightning are brought on by variable magnetic fields and
the electrical potential differences in structure that cause transient voltages. In the event that
electrical or electronic equipment is not protected, then it can be damaged [18].
The primary strategies utilized by the commercial aviation industries to review damages
of direct effects from lightning strikes are visual examination; coin tapping, a strategy where a
straightforward coin or little sledge hammer instrument is tapped at first glance on the composite
structure and the subsequent sound is utilized to determine the amount of damage [55]; and even
ultrasonic pulse echo and low-energy radiography, X- rays, and thermography [56].
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Some studies on the direct effects of lightning strikes [18, 19, 21, 22, 57] demonstrate the
level of damage, loss of mechanical properties, and the three methods of damage: fiber damage
(i.e., decrease of length/diameter), resin deterioration (i.e., vaporization), and delamination
(i.e., separation between composite layers). Each damage mode is identified by a lightning
simulation parameter: fiber damage with a peak current of a lightning strike, a resin deterioration
region with an electrical charge, and the delamination projection region by the action integral of
the wave form. Specimen size, thickness, and waveform of the connected applied impulse current
have definite effects on the damage size or mode [21].
The damage done to the composite additionally relies upon current levels of the lightning
strike. For high-energy current strikes (50–200 kA), lightning striking levels should be always in
accordance with the zoning graph for a continued safe flight and have promptly perceivable
damage. For moderate high-energy current strikes (30–50 kA), some unmistakable damage may
occur and repairs will be required. For low-energy current strikes (10–30 kA), there is no or
scarcely any noticeable damage, and no repairs are required [19]. Damage to the aircraft composite
structure or the conductive element such as wire mesh should be repaired, and this factor is mulled
over with starting establishment/material expenses of the arrangement to decide its viability [58].
2.10

Conductive Materials for Lightning Strike Protection
The entire exterior of aircraft, especially Zone 1A (nose, wingtips, nacelles, randome),

must be protected from lightning strikes. LSP material should provide a continuous conductive
path of low resistance and allow the flow of electrical current in different directions. To create a
conductive path, the exterior skin of an aircraft has to be embedded with lightweight and
conductive materials, such as metallic and non-metallic conductors. Usually these materials, from
fibers to conductive paints, are applied on composite surfaces to enhance their conductivity.
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2.10.1 Interwoven Wires
Interwoven wires were initially developed for the protection of carbon fibers due to the
partially conductive nature of carbon-reinforced composites. Usually the lightning strike discharge
is confined to an area of only a few centimeters. High current densities tend to damage the
composite because they vaporize the resin system and cause delamination in the wide surface area,
and the depth of damage may be in several plies, depending on the severity of the current densities
on the composite. Companies have developed the idea of replacing the metal plates, which have
higher density, by weaving metals into thin wires all over the surface of the composites can solve
the problem. The current will enter the wire mesh and will exit from the wire. Thus, the arc root is
dispersed across the wire mesh, not allowing the current to discharge into composites, preventing
them from delamination [60].
Interwoven wires, as shown in Figure 13, provide a solution by integrating the mesh on the
upper most ply in the composite structure, thus making it flexible in terms of complex geometries.
Incorporating wire mesh into composite structures may increase the weight on the order 10–60
gm/m2. The mesh used in industry is comprised of metals such as aluminum and copper. Even the
life of interwoven wires on composite structures lasts for a small period of time compared to metal
structures.

Figure 13: Interwoven wires
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2.10.2 Conductive Coated Fibers
The fibers used for lightning strike protection are impregnated with conductive coats. Here
the fibers are metal coated using a process such as vapor deposition. Industry research has
concluded that the overall weight of the conducted fibers must be lighter than mesh. The paint or
coating applied to fibers causes the damage or delamination to occur inwards into the reinforced
composites below the protection plies. Many experiments have been conducted on coated fibers
or veils, and it has been concluded that the damage to coated fibers, as shown in Figure 14, is seen
more often than when coatings are on the top of the composites. The problem with coated fibers
is that they must be repaired every time they are damaged.

Figure 14: Arrangement of conductive coated fibers
2.10.3 Conductive Surfaces and Conductive Paints
Composites can also be protected from LSP and EMI using conductive surface coatings.
This protection can be obtained by spraying different conductivity metals on the surface of
structures, which not only saves time in the laying of mesh but also reduces the chance of galvanic
corrosion of the composite structure. Spraying is an easy process where damage to the composite
can be repaired easily, as shown in Figure 15. If conductive components are present below the
conductive paint, then voltage drops along the surface flashover might be sufficient to cause a
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puncture of the insulating laminate [59]. Adding metal particles would increase the conductivity
of the composites but would not be as good as metals alone. Conductivity in the coatings is
achieved by incorporating small particles into the paint, whereby the lightning would pass between
the particles and thus the coating acts as a guide to flashover towards the conductivity path. The
conductive surfaces and the conductivity paint results seem to be very promising, but they are very
expensive and the overall efficiency is less.

Figure 15: Arrangement of conductive surfaces and conductive paints
2.10.4 Woven Mesh and Expanded Foil
Weaving a fine mesh of metal wires into composite structures yields a conductive layer
that can easily be interacted [59]. Woven mesh is one of the most widely used methods for
conducting electrical discharge from composite structures, depending on the coarseness and
dimensions of the wires, as shown in Figure 16. The electrical field generated due to lightning
strikes discharges from the mesh begins with streamers originating at the edges. When current
passes through, only half of the material is involved in the passage of the current and the heat
conduction until the current has been distributed across the entire cross section.
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Figure 16: Woven mesh
With expanded foil, numerous slits are made into a solid piece of foil that is stretched, thus
forming an electrically continuous structure [59]. The electrical discharge through composite
structures that have been applied with expanded foils depends on the cross-sectional area and the
coarseness of the material. Vaporization in the area of the arc root is still a problem, but the arc
dispersion is more pronounced in expanded foils compared to solid foils. Damage on the expanded
foil also depends on the type of coating or paint.
Mesh is being considered as one of the superior methods for protecting composite
structures from lightning strikes and EMI, but there is one serious problem on which there has
been considerable research. Galvanic corrosion occurs between two metals surfaces or two
materials with different selectivity conductivity or different energies. When they are close
together, there is a flow of electrons between them, allowing one metal to act as the anode. To
avoid this problem, precaution are been taken.
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CHAPTER 3
EXPERIMENTAL PROCEDURES
3.1

Composite Lay-Up
Hand lay-up is the oldest, simplest, and most commonly used method for composite part

construction. This method is primarily applied on minor series, simple geometries, and mold
construction, as only minimum technical requirements are necessary. The primary features of hand
lay-ups are the following:
 Low mold costs
 Low capital costs
 Ideal for smaller and medium-size series up to about 1,000 pieces
In this process, the prepregs consists of continuous fabrics with various patterns that are
pre-impregnated with a resin system. The prepregs should be kept in a cold storage (e.g., freezer)
to avoid early degradation of the resin system and to take advantage of the full shelf life of the
prepregs. Depending on the thickness of each impregnated ply and the desired thickness of the
laminated composite plate, the number of layers required must be decided. A schematic diagram
of the composite vacuum bagging is shown in Figure 17.

Figure 17: Schematic of composite vacuum bagging
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The prepregs used in this research were carbon/epoxy resin CYCOM 5320-1 T650-35 and
woven carbon fiber prepregs CYCOM 5320-1 T650 8H (products of CYTEC Engineering
Materials) and E-glass/Epoxy resin Newport - 321 woven prepregs (product of Newport
Mitsubishi Rayon Co. Ltd.). First, the backing film was removed, next the prepregs were laid on
top of each other, and then a squeegee was used to apply pressure on the piles. Special care should
be taken to apply enough hand pressure for better bonding between the laminates and squeezing
the air bubbles out. This process was continued until all layers were stacked on top of each other.
This section explains the vacuum bagging process. The prepreg stack (cut laminate) was
kept on the first plate (mold). The separator or peel ply was cut using a scissors and placed above
the laminate. This perforator provides a good surface finish to the manufactured laminate. A layer
of parting film may also be chosen for a smoother surface finish. Next, a caul plate completely
wrapped in a parting film was placed over the peel ply. Then, three pieces of bleeder were cut and
placed above the caul plate.
The function of the bleeder, which is a porous fabric, is to absorb moisture and excess
resin. A barrier (same as a separator, but not perforated) and a breather (porous fabric that allows
air and volatiles to escape) were not used in this lab activity. At the middle of the laminate, a nozzle
adaptor was placed for the vacuum purpose. A plastic vacuum bag, slightly larger than the
aluminum plate (one inch larger on each side), was cut and placed above all layers, and the edges
and corners were carefully sealed against the previously used high-temperature sealing tapes for
the creation of a resin dam. It is important to ensure that there no holes or cuts on the vacuum bag.
The sealing tape was a 0.5-inch-wide rubbery material that stuck to both mold and the bagging
material. The composite hand lay-up process is shown in Figure 18.
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Figure 18: Composite panel using hand lay-up process
3.1.1 Curing Cycle
After the composite lay-up was completed, any entrapped air was sucked out using a
vacuum pump by creating a negative pressure in the lay-up. Debulking was done on the composite
structure under vacuum conditions, and then the structure was cured in an autoclave under vacuum
pressure using the parameters shown in Table 1. The curing cycle that was followed during the
experiments is shown in Figure 19.
TABLE 1
CURING CYCLES FOR CYCOM-5320
Sample
Number

Parameter

Cure Cycle A

Cure Cycle B

1

Ramp Rate

1–3 °F/minute
(0.6–1.7°C/minute)

1–5 °F/minute
(0.6–2.8°C/minute)

2

Cure Temperature

200 ± 10°F ( 93 ± 6°C)

250 ± 10°F ( 121 ± 6°C)

3

Cure Time

12 hours

3 hours

4

Free-Standing Post Cure

2 hours at 350°F (177°C)

2 hours at 350°F (177°C)
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Figure 19: Curing cycle for manufacturing composite panels
3.2

Materials Used
In the beginning, a unidirectional carbon fiber prepreg, CYCOM 5320-1 T650-35, was

chosen from the autoclave prepregs and planned for lay-up. The benefit of this class of prepregs is
that layup and bagging requires a minimum of three to four weeks for complex structures, such as
a spaceship, and two to four days for simple composite structures. CYCOM 5320-1 prepregs have
a thickness of 0.005 inch and a cure ply thickness of 0.007 inch. Therefore, for 14 plies of carbon
prepregs, the cure ply thickness was 2.489 inches. The composite must have mechanical strength
in two directions. The unidirectional carbon fiber prepregs were placed at 0 and 90 degree
orientations.
Woven glass fiber prepregs, E-Glass Newport-320, were laid on the top of the carbon
prepregs, to avoid galvanic corrosion. The thickness of the glass fiber was 0.00 and the cure ply
thickness was 0.005 inch. The total thickness was 0.01 inch. CYCOM 5320-1 T650 8H woven
carbon fiber prepregs, 0.005 inch, were used during the latter part of the experiment, because some
warpage was found in the composite using unidirectional fibers. The cure ply thickness of this
material was 0.007 inch, and the total thickness of the composite was 2.499 inches.
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Adhesive NB-120 was used on the manufactured composite panel after curing, and then
metallic nanofilm was used on the composite panels to increase their conductivity. The curing
cycle for manufacturing the composite was followed according to the CYCOM-5320-1
specifications, as shown previously in Table 1. Even though glass prepregs have a different
coefficient of thermal expansion, the curing cycle of carbon prepregs was followed.
3.3

Aluminum Tooling and Sticky Tape
A rectangular mold of aluminum was cleaned with grit paper and then ethanol. The mold

preparation is very important because the manufactured composite will have the same impression
as the mold. The prepared mold was then laid with resin film for a better surface finish. The mold
was bridged around all the edges with double tape, as shown in Figure 20. This would form the
boundaries of the composite, and the double tape would act as a sealant under vacuum bagging.
The function of the peel ply was to ensure a uniform flow of resin during curing. Vacuum bagging
was done to ensure that no entrapped air was present during the composite manufacturing.

Figure 20: Mold preparation
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3.4

Composite Lay-Up Procedures

3.4.1 Procedure 1


Clean the mold with ethanol, and form a bridge around the mold with double tape.



Lay the CYCOM-5320-1 carbon prepregs of unidirectional fibers of 8 plies 12” x 12” on
the mold at 0°/90° orientation.



Roll each prepreg with a roller so that no air vents are formed during lay-up.



Lay and roll 2 layers of NB-320 glass fibers prepregs on top of the carbon lay-up at 0°/90°
orientation.



Very carefully lay 100 nm of gold nanofilm over the 3c” x 3c” composite plate.



Vacuum bag the samples after placing release film and a breather with support of the plate.



Debulk the samples in an oven for 20 hours under a vacuum of 30 psi.



Cure the composite in an oven using the curing cycle shown in Figure 19.
The composite lay-up for Procedure 1 is shown in Table 2, and the cured composite coupon

is shown in Figure 21.
TABLE 2
COMPOSITE LAY-UP PROCEDURE 1
Sample
Number

Type
of
Composite

Type
of
Prepreg

Number
of
Plies

Ply
Orientation

Nanofilm

Adhesive
Film

Debulking
(hours)

PostCuring

1

Carbon
Prepregs

Unidirectional

8

0°/90°

Au

No

20

No

2

Glass
Prepregs

Woven

2

0°

Au

No

20

No
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Figure 21: Composite panel with carbon and glass fibers with 10 plies
The composite panel manufactured was found to have warpage. Therefore, it was decided
to increase the number of plies to 16. It was thought that an increase in the density of the composite
might change the flow of the resin system, and the strains produced during the thermal expansion
would be more, resulting in reduced warpage.
3.4.2 Procedure 2


Clean the mold with ethanol and form a bridge around the mold with double tape.



Lay the CYCOM-5320-1 carbon prepregs of unidirectional fibers of 14 plies 12” x 12” on
the mold at 0°/90° orientation.



Roll each prepreg with a roller so that no air vents are formed during lay-up.



Lay and roll 2 layers of NB-320 glass fiber prepregs on top of the carbon lay-up at 0°/90°
orientation.



Do not place metallic nanofilm on the composite panels.



Vacuum bag samples after placing release film and a breather with support of the plate.



Debulk the samples in an oven for 20 hours under a vacuum of 30 psi.



Cure the composite in an oven using the curing cycle shown in Figure 19.

The composite lay-up for Procedure 2 is shown in Table 3, and the cured composite coupon
is shown in Figure 22. The warpage here was reduced but only to a certain extent. It was assumed
that the manufactured composite would be good for the resistivity test initially.
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TABLE 3
COMPOSITE LAY-UP PROCEDURE 2
Type
of
Composite

Type
of
Prepreg

Number
of
Plies

Ply
Orientation

Nanofilm

Adhesive
Film

Debulking
(hours)

PostCuring

1

Carbon
Prepregs

Unidirectional

14

0°/90°

None

No

20

No

2

Glass
Prepregs

Woven

2

0°

None

No

20

No

Sample
Number

Figure 22: Composite panel with carbon and glass fibers with 16 plies
3.4.3 Procedure 3


Clean the mold with ethanol and form a bridge around the mold with double tape.



Lay the CYCOM-5320-1 carbon prepregs of unidirectional fibers of 14 plies 12” x 12” on
the mold at 0°/90° orientation.



Roll each prepreg with a roller so that no air vents are formed during lay-up.



Lay and roll 2 layers of NB-320 glass fiber prepregs on top of the carbon lay-up at 0°/90°
orientation.



Very carefully lay 100 nm of gold and silver nanofilm over the 12” x 12” composite plate,
and very carefully lay submicrofilm of copper and aluminum over the 12” X 12” composite
plate.



Vacuum bag samples after placing release film and a breather with support of the plate.
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Debulk the samples in an oven for 20 hours under a vacuum of 30 psi.



Cure the composite in an oven using the curing cycle shown in Figure 19.
The composite lay-up for Procedure 3 is shown in Table 4, and the cured composite

coupons are shown in Figures 23 and 24. Different metallic nanofilms were laid on the composites,
in order to understand the flow of current and study the effects of lightning on the composite. It
was found that a small amount of resin flowed on the composite with the metallic nanofilm. This
is not preferred because the resin is a polymer, which is a bad conductor of electricity.
TABLE 4
COMPOSITE LAY-UP PROCEDURE 3
Sample
Number

Type of
Composite

Type of
Prepreg

Number
of
Plies

Ply
Orientation

Nanofilm

Adhesive
Film

Debulking
(hours)

PostCuring

1

Carbon
Prepregs

Unidirectional

14

0°/90°

Au/Ag/Cu/Al

No

20

No

2

Glass
Prepregs

Woven

2

0°

Au/Ag/Cu/Al

No

20

No

(a)

(b)

Figure 23: Composite panel with metallic nanofilm: (a) aluminum, and (b) silver
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(a)

(b)

Figure 24: Composite panel with metallic nanofilms: (a) gold, and (b) copper
3.4.4 Procedure 4


Clean the mold with ethanol and form a bridge around the mold with double tape.



Lay the CYCOM-5320-1 carbon prepregs of unidirectional fibers of 14 plies 24” x 24” on
the mold at 0°/90° orientation.



Roll each prepreg with a roller so that no air vents are formed during lay-up.



Lay and roll 2 layers of NB-320 glass fiber prepregs on top of the carbon lay-up at 0°/90°
orientation.



Do not lay nanofilms over the composite plate.



Vacuum bag samples after placing release film and a breather with support of the plate.



Debulk the samples in an oven for 20 hours under a vacuum of 30 psi.



Cure the composite in an oven using the curing cycle shown in Figure 19.
The composite lay-up for Procedure 4 is shown in Table 5, and the cured composite

coupons are shown in Figure 25. Even though the warpage was reduced with 24” x 24” panel by
increasing the number of plies, warpage was still found. The need to reduce the warpage was
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important, as the deflections in the composite panel would create problem during lightning strike
protection test. So it was decided to increase the thickness of the composite.
TABLE 5
COMPOSITE LAY-UP PROCEDURE 4
Sample
Number

Type
of
Composite

Type
of
Prepreg

Number
of
Plies

Ply
Orientation

Nanofilm

Adhesive
Film

Debulking
(hours)

PostCuring

1

Carbon
Prepregs

Unidirectional

14

0°/90°

None

No

20

No

2

Glass
Prepregs

Woven

2

0°

None

No

20

No

Figure 25: Composite panel with carbon (unidirectional) and glass (woven) fibers
3.4.5 Procedure 5


Clean the mold with ethanol and form a bridge around the mold with double tape.



Lay the CYCOM-5320-1 carbon prepregs of woven fibers of 14 plies 24” x 24” on the
mold.



Roll each prepreg with a roller so that no air vents are formed during lay-up.



Lay and roll 2 layers of NB-320 glass fiber prepregs on top of the carbon lay-up.
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Do not lay nanofilms over the composite plate.



Vacuum bag samples after placing release film and a breather with support of the plate.



Debulk the samples in an oven for 20 hours under a vacuum of 30 psi.



Cure the composite in an oven using the curing cycle shown in Figure 19.
The composite lay-up for Procedure 5 is shown in Table 6, and the cured composite

coupons are shown in Figure 26. Some warpage in the composite panel was reduced completely
by using woven carbon prepegs. The woven fiber reduced the stresses developed in the composite
panels. Therefore, woven carbon and glass prepregs were used as shown in Figure 26.
TABLE 6
COMPOSITE LAY-UP PROCEDURE 5
Sample
Number

Type
of
Composite

Type
of
Prepreg

Number
of
Plies

Ply
Orientation

Nanofilm

Adhesive
Film

Debulking
(hours)

PostCuring

1

Carbon
Prepregs

Woven

14

0°/90°

None

No

20

No

2

Glass
Prepregs

Woven

2

0°

None

No

20

No

Figure 26: Composite panel with woven prepegs

38

3.4.6 Procedure 6


Clean the mold with ethanol and form a bridge around the mold with double tape.



Lay the CYCOM-5320-1 carbon prepregs of unidirectional fibers of 14 plies 24” x 24” on
the mold at 0°/90° orientation.



Do not lay and roll 2 layers of NB-320 glass fiber prepregs on top of the carbon lay-up at
0°/90° orientation.



Do not lay nanofilms over the composite plate.



Vacuum bag samples after placing release film and a breather with support of the plate.



Debulk the samples in an oven for 20 hours under a vacuum of 30 psi.



Cure the composite in an oven using the curing cycle shown in Figure 19.
The composite lay-up for Procedure 6 is shown in Table 7. Warpage in the composite was

reduced, but the thickness of the composite panel was increased. The increase in the thickness of
the composite panel and the warpage in the composite panel can be avoided by removing the glass
prepregs from the manufacturing of composite panels. But the problem of galvanic corrosion may
occur because of the direct contact of the metallic nanofilm on the composite panels.
TABLE 7
COMPOSITE LAY-UP PROCEDURE 6
Type
of
Composite

Type
of
Prepreg

Number
of
Plies

Ply
Orientation

Nanofilm

Adhesive
Film

Debulking
(hours)

PostCuring

1

Carbon
Prepregs

Woven

14

0°

None

No

20

No

2

Glass
Prepregs

Woven

NA

NA

NA

NA

NA

NA

Sample
Number
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3.4.7 Procedure 7


Clean the mold with ethanol and form a bridge around the mold with double tape.



Lay the CYCOM-5320-1 carbon prepregs of unidirectional fibers of 14 plies 24” x 24” on
the mold at 0°/90° orientation.



Do not lay and roll 2 layers of NB-320 glass fiber prepregs on top of the carbon lay-up at
0°/90° orientation.



Vacuum bag samples after placing release film and a breather with support of the plate.



Debulk the samples in an oven for 20 hours under a vacuum of 30 psi.



Cure the composite in an oven using the curing cycle shown in Figure 19.



Add two layers of NB-121 adhesive on the cured composite panel.



Lay nanofilms and submicrofilms over the composite panel.



Post-cure the composite panel in an oven using the curing cycle mentioned in Figure 19.
The composite lay-up for Procedure 7 is shown in Table 8. The composite panel with

adhesive is shown in Figure 27. The cured composite coupons are shown in Figures 28 to 31. The
problem of galvanic corrosion was avoided by using adhesives. The number of layers in the
composite was increased, so that there is sufficient distance between the carbon composite panel
and the nanofilm. Even the flow of resin over the composite panel was avoided by curing the
composite, laying down nanofilm, and then post-curing the cured composite panel. In this way,
galvanic corrosion was avoided, the strength of the composite panel was increased by post curing.
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TABLE 8
COMPOSITE LAY-UP PROCEDURE 7
Type
of
Composite

Type
of
Prepreg

Number
of
Plies

Ply
Orientation

Debulking
(hours)

Number of
Adhesive
Films

Nanofilm

Post-Curing
(hours)

1

Carbon
Prepregs

Woven

14

0°

20

2

Au/Ag/
Cu/Al

3

2

Glass
Prepregs

Woven

NA

NA

NA

NA

NA

NA

Sample
Number

Figure 27: Composite panel with adhesive

Figure 28: Composite panel with gold nanofilm
41

Figure 29: Composite panel with silver nanofilm

Figure 30: Composite panel with aluminum submicrofilm
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Figure 31: Composite panel with copper submicrofilm
3.5

Surface Coating
Coating of the composite structure is one of the most commonly used techniques to protect

the composite panel against adverse environmental effects. As shown in Figure 32, the surface
coating system usually consists of two components: the primer (or surfacer) and the top coat
(finished coating). In this study, the applied primer was Hentzen 17035GEP CF Epoxy Primer.
The primer is basically porous and brittle with very little environmental durability [61]. Its primary
purpose is to act as an interface between the top coat and the bare material. It also provides good
bonding between the coating systems. Epoxy-based primers are thermosetting polymer, providing
good chemical, thermal, and electrical properties. The top coat is Axon Hentzen SP70-W White
Flexible Surfacer Primer with Axon Hentzen PH-65 Hardener mixed in a 1:1 ratio. Basically, the
top coat is non-porous and chemically inert with better durability environmentally. For lightly
scuffed panels, the top coat is re sprayed to achieve a coat thickness of 10 mils at Advanced
Coating Lab (NIAR, Wichita State University). Tables 9, 10, and 11 show the coating
specifications for the primer, surfacer, and top coat, respectively.
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Figure 32: Surface Coating System

TABLE 9
SHIM DFT FOR PRIMER
Shim DFT 1 Shim DFT 2
1.38

1.80

1.64

1.82

1.65

1.79

TABLE 10
SHIM DFT FOR SURFACER
Shim DFT 1 Shim DFT 2
4.44

4.53

4.56

4.79

4.63

4.83
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TABLE 11
SHIM DFT FOR TOP COAT
Shim DFT 1 Shim DFT 2

3.6

9.6

10.8

9.7

11.0

9.4

10.9

9.0

10.5

9.0

11.1

Surface Resistivity Test
Surface resistivity of the materials was measured using direct current test procedures. The

ASTM standard test method D 4496 was used for the electrical measurement of the composites.
This test method covers determination of electrical resistance or conductance of moderately
conductive materials. The test method using the conductivity measurement jig apparatus was done
according to ASTM standard test method D 257.
Surface resistance or conductance cannot be measured precisely in light of the fact that
some level of volume resistance or conductance is constantly required in the estimation. The
quality of the surface is additionally influenced by tainting or contamination. Surface tainting and
its rate of collection is influenced by several components, including electrostatic charging and
interface pressure, which in turn influence surface resistivity. Surface resistivity or conductivity is
thought to be identified with material properties when contamination is included but is not a
material property of the electrical insulation material in the usual sense.
An electrode system was used to measure the materials, which must be corrosion resistant.
The conductivity measurement jig apparatus was used for measurement, whereby the resistance
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meter was connected to the circular openings on the top side, and the electrodes on the bottom are
pressed against the material, as shown in Figure 33.

Figure 33: Surface resistivity jig samples
3.7

Electrical Conductivity
Electrical conductivity is the flow of electrons or electricity through the surface of the

composite panels. It can be measured using either a two-point or four-point probe test, where a
four-point test measuring method yields greater error than the contact resistance of the probe. In
this work, the four-point test conductivity strategy was utilized to determine the electrical
conductivity.
Figure 34 shows a circuit diagram of the setup for testing electrical conductivity, where the
test is associated with a DC supply, which in the end creates consistent current (I). A voltage meter
is characterized as the electrical potential drops (V) on the sample with separation (L) (cm), area
(A) is the cross section of the specimen, and ρ is the resistivity as shown in Figure 34. The units
for the electrical conductivity, σ, is in the Siemens (S) /cm, and constant units were utilized
throughout the examination. Accordingly, σ was calculated using the following equation: σ = (I/V)
(L/A). The opposite of resistivity is conductivity. Therefore, resistivity was calculated using the
four-probe method and then conductivity was derived.
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Figure 34: Electrical conductivity circuit
Figure 35 shows the setup for measuring conductivity with strain to determine how the
conductivity of the composite with the nanofilm changes under load. The loads applied on the
nanofilms should have good electrical conductivity with increasing strain.

Figure 35: Electrical conductivity setup
3.8

Tensile Testing
Tensile testing was performed to find the correlation between strain and the electrical

conductivity of the composite panel with metallic submicro and nanofilm. The mechanical testing
system (MTS) at Wichita State University (WSU) was used to perform the tensile testing according
to ASTM D3039. A tensile test specimen of 8” x 1” was used. The samples were cut from the
12” x 12” composite panel using a water jet machine from the National Institute of Aviation
Research (NIAR) machine shop at WSU.
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Strain was calculated using

σ = F/A
є = ∆L/L
Resistivity was calculated using
V = IR

σ = (I/V) (L/A)
The tensile test setup is shown in Figure 36. This test was performed to determine the
resistance of the composite panels with changes in strain. Theoretically, it is assumed that the
resistance of the material should increase with the increase in strain [62].

Figure 36: Ultimate tensile test with conductivity setup
The experimental setup for the measurement of resistance is shown in Figure 37 and
contains the following components:


Constant rate of power supply: Current supply I = 0.02 amp and voltage V = 0.1 V.



Ammeter: Positive and negative terminals were connected to the panel.



Voltmeter: Positive and negative terminals were connected to the panel.

One end of the ammeter and voltmeter was connected to the panel and the other end was grounded.
The test panels were set up in the tensile machine jaws. According to Hooke’s law, stress is
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proportional to strain. As the load was applied, strain occurred in the sample, and the readings
from the ammeter and voltmeter were noted.

Figure 37: Experimental setup for resistance measurement
3.9

Optical Microscope
The purpose of an optical microscope is to investigate the internal structure of a material,

including segregations, pores, cracks, grain structure, size, and distribution. Generally, in optical
microscopy, the material is first studied at lower magnification and then at increased
magnification, depending on the previous observation. The optical microscope has limited
wavelength of light and limited depth of field, but is able to determine the reflective difference
between the reinforcement and the matrix. Typically, a bright field contrast is used for composites,
but a dark field, phase contrast, or polarized light can also be used. The apparatus used here was
the Axiom Imager Upright Microscope manufactured by Carl-Zeiss, as shown in Figure 38.
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Figure 38: Axiom Imager Optical Microscope
3.10

Electro Magnetic Inference (P-Static) Test
The triboelectric effect (also known as triboelectric charging) is a type of contact

electrification in which certain materials become electrically charged after they come into
frictional contact with a different material. Precipitation static occurs when particles such as dry
snow, rain, sand, etc., collide with an aircraft and create a high electric field. If this field is not
bled-off the nonconductive surfaces, then corona can occur, which in turn causes static on aircraft
communication and navigation equipment. Testing was accomplished by producing a high voltage
p-static field on each individual test panel, as shown in Figure 39, and listening for interference on
an AM radio. The requirement for the panels was to dissipate the p-static energy without causing
any detectable interference. The equipment used here was a 60 KV electrostatic test set
manufactured by Dayton Granger, Model 17650.

Figure 39: Dayton Granger model for P-static test
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3.11

Lightning Protection Tests

Lightning strikes can produce two types of severe damage to composite structures: direct
effects and indirect effects. As the result of direct effects of lightning strikes, metallic surfaces are
burned or liquefied, and non-metallic surfaces are burned, punctured, or delaminated. Direct
damages on metallic structures will typically appear as little round melt marks around 1/8 inch in
width. The melt imprints can be along the fuselage in a small zone, while on a trailing edge surface,
the melt imprints can be along a larger surface region. Gaps of 1/4 inch or greater in the structure
are conceivable in the event that a high-power lightning strike occurs on the airplane structure.
Indirect effects are distinguished as damage in the electrical/electronic system parts and
equipment, which is brought about by substantial electrical transients in the airplane wiring
systems. A high-intensity lightning strike can deliver electromagnetic fields inside the
unpressurized regions that are sufficiently substantial to bring about conceivable harm to the
electrical framework segments. A lightning strike test setup with an initial leader attachment is
shown in Figure 40. Arc entry testing was accomplished using the procedures and environments
defined in standard DO-160G. Parameters used for testing are shown in Table 12.

Figure 40: Lightning strike test setup with initial leader attachment
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TABLE 12
STANDARD TESTING REQUIREMENTS FOR LIGHTNING STRIKE TEST
Requirements for Component A
Peak Amplitude
Action Integral
Total Time Duration
Rise Time to 90% of Peak
Average Amplitude
Charge Transfer
Total Time Duration
Average Amplitude
Charge Transfer
Total Time Duration

Requirements for Component B

Requirements for Component C*

200 kA ± 20%
2 M ± 20%
< 500 usec
< 50 usec
2 kA ± 20%
10 C ± 10%
5 ms ± 10%
>= 400A
18 C ±20%
45 ms ±20%

The components are the amounts of current being supplied to the composite panel during
testing to achieve the required wave form according to the SAE. The currents are generated using
individual generators for each component. Component A is of much importance to the composites
where the peak amplitude of current around 200 KA ± 20% is used in a time duration of 500 µsec.
An aircraft is separated into zones based on the seriousness of potential lightning strike harm. The
two most extreme classes of zoned lightning strike harm for nacelle items are Zones 1A and 1B,
according to SAE ARP5414.
Lightning produces damage to a conducting skin by two different mechanisms: electric
current, and shockwave and pressure effect. The damage due to electric current is the result of heat
transferring through the composite coupons. The puncture in the composite panel is as the result
of shockwaves and the pressure resulting from the peak current, as shown in Figure 41.
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Figure 41: Arc Root Dispersion Mechanism
Damage in the composite panel may be reduced by the following:


Improving electrical conductivity.



Keeping the majority of current flows in the outer protective layer.



Using arc root dispersion.
Modern and research facility high-power arcs basically differ from normal lightning arcs

by their ignition paths. In the thin surface coating shown in Figure 41, the ignition is typically
exchanged by electric contact (copper wire, mobile electrodes) or by utilizing a high-voltage
source. In the thick surface coating shown in Figure 41, high electric strengths in tempest mists
lead to the arrangement furthermore, advancement of streamers, which trigger off the entry to arcs.
Another particular element of lightning arcs concerns the current waveform that travels along
them: commonly, it comprises a long proceeding arc with current on which various crests of
various amplitudes and shapes are superimposed [1].
The arc is produced between a cathode and an item under test, e.g., the fuselage or wing
material (skin) or both together. The generator conveys a particular current waveform related to
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the zoning of the structure under test. On account of a specimen related to the fuselage (2A zone),
it might be subjected to a cleared stroke [3].
In this way, the current is made out of D, B, and C waveforms. The arc ignition is performed
with a thin conductive wire that helps the breakdown that is noticeable all around between the wire
and the composite panel. This electrode is primarily a tungsten rod, which is a plane diverter made
with a sphere-protective material at the end. The sphere maintains a strategic distance from the test
setup to bring about unnatural damage on the surfaces under test for two main reasons. First, the
shockwave connected with the current surge is not coordinated toward the surface; the reflected
shock wave near the circle is coordinated towards the test, yet it is moderately low and its force
diminishes with time. Second, the current discharges to the surface. The formation of the
shockwave is shown in Figure 42.

Figure 42: Formation of shockwave (simulation)
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

Surface Resistivity Test
The conductivity of manufactured composites was determined using surface resistivity test

equipment. Here, the composite plane was connected with the surface resistivity jig electrode with
the panel and the other electrode with the resistivity meter. All composites with coated metallic
submicro and nanofilms were tested, and the results are shown in Table 13. The top leads connect
to a resistance meter. Bottom electrodes were pressed on each sample in five different locations.
The insulating material formed the attachment points for the resistance meter. For all trials, a
voltage of 5 V was supplied.
TABLE 13
RESISTIVITY OF COMPOSITE USING RESISTIVITY JIG
Area 1

Area 2

Area 3

Area 4

Area 5

Sample

R1 (Ω)

R2 (Ω)

R3 (Ω)

R4 (Ω)

R5 (Ω)

AVG (Ω)

1

Gold

0.46430

0.47250

0.53020

0.55150

0.53770

0.51124

2

Copper

0.03166

0.04791

0.03466

0.24686

0.03088

0.07839

3

Aluminum

0.02705

0.02400

0.02466

0.02601

0.02220

0.02478

4

Silver

0.09685

0.08788

0.08583

0.08964

0.08184

0.08841

5

Plain

20.76000

20.85800

16.79000

21.17500

21.87200

20.29100

From Table 13, the conductivity of the material can be calculated, because conductivity is
the reciprocal of resistivity; therefore, the lower the resistance, the higher the conductance.
Initially, conductance was determined for all of the above-specified materials, with the highest
conductivity found to be in aluminum, followed by copper, silver, and gold. Silver and gold were
expected to have more conductivity, but actually aluminum and copper were found to have more.
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The reason for this may be that the purity levels in the silver and gold may be less compared to
aluminum and copper. A plot of resistance versus voltage for all nanofilms is shown in Figure 43.

Resistance (ohm)

Resistance vs Voltage
0.600
0.550
0.500
0.450
0.400
0.350
0.300
0.250
0.200
0.150
0.100
0.050
0.000

gold
copper
aluminium
silver
avreagre

0

1

2

3

4

5

6

Voltage(V)

Figure 43: Plot of resistance vs. voltage for all submicro and nanofilms
4.2

Optical Microscopy
The microstructures were studied using an optical microscope to determine the change of

phases at the micro-level in the composites. Microscopy was also used to find crack development
or difference in grain sizes and distribution in the material at the micro-level. When light was
focused on the sample, there was differentiation in the areas of the composition, which aid in
recognizing the condition of the sample.
The microstructure of the aluminum submicrofilm is shown in Figure 44, and the difference
between the aluminum and carbon is that the brightest part is aluminum and the dark part is carbon.
This microstructure was taken after curing of the composite structure. No cracks were found in the
microscopic images, and the grains of the aluminum submicrofilm were found to be evenly
distributed.
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Figure 44: Microstructure of aluminum submicrofilm at 200 µm
The microstructure of the copper submicrofilm is shown in Figure 45. The difference
between the copper and carbon is that the bright red part is copper and the dark part is carbon. This
microstructure was taken after curing of the composite structure. No cracks were found in the
microscopic images, and grains of the copper submicrofilm were found to be evenly distributed.

Figure 45: Microstructure of copper submicrofilm at 20 0µm
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The microstructure of the gold nanofilm is shown in Figure 46. The difference between the
gold and carbon is that the brighter part is gold and the dark part is carbon. This microstructure
was taken after curing of composite structure. Considerable warpage and uneven distribution was
found in the gold nanofilm. No cracks were found in the microscopic images.

Figure 46: Microstructure of gold nanofilm at 200 µm
The microstructure of the silver nanofilm is shown in Figure 47. It can be seen that the
difference between the carbon and silver as that the brightest part is silver and the dark part is
carbon. This microstructure was taken after curing of the composite structure. Considerable
warpage was found in the silver nanofilm, and distribution of the film was not even. No cracks
were found in the microscopic images.

Figure 47: Microstructure of silver nanofilm at 200 µm
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4.3

Ultimate Tensile Test
Tensile testing is usually performed to measure the mechanical properties of materials. In

this study, it was used to determine the relation between resistance and time, voltage and time,
and, more importantly, resistance and strain. These results helped to understand the behavior of
the current under load conditions. If the current in the composite is higher, then damage with LSP
and EMI is lower.
The resistance of gold nanofilm on the composite panel was measured by time, and it was
found that this increased as time increased, as shown in Figure 48. Since resistance is directly
proportional to voltage, if the voltage increases, then there should be an increase in resistance. The
average resistance during testing was found to be 0.017421 ohm. This low resistance indicates that
the conductance was high, or 57.40 S, which is very high. From the graph, it can be seen that
relative to strain, gold can withstand electrical currents or it can discharge the current efficiently.
Distortions in the chart may be attributed to the testing being conducted in dynamic conditions, so
there is a possibility that the wire connections were disturbed.

Resistance vs Time
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0
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R-T

Average

Linear (R-T)

Figure 48: Plot of resistance vs. time for gold nanofilm
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360

The change in voltage with time was also studied. According to the results shown in Figure
49, it can be concluded that voltage also increased with time. The measurement of voltage was
done using a voltmeter, and the average voltage was found to be 0.069 V. Therefore, a potential
difference in the sample exists. Distortions in the chart may be attributed to the fact that testing
was conducted in dynamic conditions, so there is a possibility of the wire connections being
disturbed. As stress was applied to the samples, there was strain but the voltage kept on increasing
its attributes that the sample can withhold some potential difference. As can be seen, the lower the
value of a voltage, the higher the current in the sample, and the higher the current, the lower the
damage on the composite after a lightning strike; this same theory works for EMI as well. The
current generated due to the lightning would also flow easily in the gold nanofilm.

Voltage vs Time
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Figure 49: Plot of voltage vs. time for gold nanofilm
The resistance of cooper submicrofilm on the composite panel was measured by time, and
it was found that the resistance of the copper submicrofilm increased as the time increased, as
shown in Figure 50. Since resistance is directly proportional to voltage, if the voltage increases,
then there should be an increase in resistance. The average resistance during testing was found to
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be 0.014 ohm. This resistance being low indicates that the conductance is high, which was found
to be 9.58 S. This is not very high but still has a good amount of conductance for the current to
pass through it. It can be seen in the graph that with strain, copper can withstand electrical currents
or discharge the current efficiently. Not much distortion is found in this plot.
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Figure 50: Plot of resistance vs. time for copper submicrofilm
The change in voltage with time was also studied. According to Figure 51, it can be seen
that the voltage also increased with time in the copper submicrofilm. The measurement of voltage
was done using voltmeter, and the average voltage was found to be 0.0187 V. Thus, there exists
a potential difference in the sample. There is a steep increase in the voltage and not much distortion
in the chart, as the curve seems to be smooth, meaning that there is a constant availability of
current. As stress is being applied to the samples, there is a strain, but with the strain the voltage
keeps on increasing its attributes that the sample can withhold some potential difference: the lower
the voltage value, the higher the current in the sample. Also, the higher the current, the lower the
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damage on the composite after lightning strikes as well as EMI. The current generated from the
lightning would also flow easily in the copper submicrofilm.
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Figure 51: Plot of voltage vs. time for copper submicrofilm
The resistance of aluminum submicrofilm on the composite panel was measured by time,
and it was found that the resistance of aluminum submicrofilm increased as the time increased.
Since resistance is directly proportional to voltage, if the voltage increases then there should be an
increase in resistance. The average resistance during the testing was found to be 0.4075 ohm. This
resistance being low indicates that the conductance is high, which was found to be 2.543 S. This
is not very high but enough for the current to pass through it. It can be derived from the graph that
with strain, aluminum can withstand electrical currents or discharge the current efficiently. Not
much distortion is found in this chart.
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Resistance vs Time
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Figure 52: Plot of resistance vs. time for aluminum nanofilm
The change in voltage with time for aluminum nanofilm was also studied. According to
Figure 53, it can be concluded voltage also increased with time. The measurement of voltage was
done using voltmeter, and the average voltage was found to be 0.002313 V. Therefore, a potential
difference in the sample exists. There was a steep increase in the voltage and much distortion in
the chart, as the curve appears to be smooth. That is, there was a constant availability of current.
As stress was applied to the samples, there was a strain, but with the strain, the voltage kept on
increasing its attributes that the sample can withhold some potential difference. The lower the
voltage value, the higher the current in the sample. The higher the current, the lower the damages
on the composite after lightning strikes as well as EMI. The current generated as a result of
lightning would also flow easily in the aluminum submicrofilm.
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Voltage vs Time
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Figure 53: Plot of voltage vs. time for aluminum submicrofilm
The resistance of silver nanofilm on the composite panel was measured by time, and it was
found that the resistance of silver nanofilm increased as the time increased, as shown in Figure 54.
Since resistance is directly proportional to voltage, if the voltage increases, then there should be
an increase in the resistance. The average resistance during testing was found to be 0.0275 ohm,
which is low, thus indicating that the conductance is high. The conductance was found to be 36.30
S, which is very high. It can be seen in this graph that with strain, silver can withstand electrical
currents or discharge the current efficiently. Distortions in the chart may be attributed to testing
conducted in dynamic conditions, thus the possibility of the wire connections being disturbed.

64

Resistance vs Time
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Figure 54: Plot of resistance vs. time for silver nanofilm
The change in voltage with time for the silver nanofilm was also studied. According to
Figure 55, it can be concluded that the voltage also increased with time. The measurement of
voltage was done using a voltmeter, and the average voltage was found to be 0.0697 V. Thus there
exists a potential difference in the sample. A steep increase in the voltage occurs, but not much
distortion occurs in the chart, as the curve seems to be smooth. That is, there is the constant
availability of current. As stress was applied to the samples, there was a strain, but with the strain
the voltage kept on increasing its attributes that the sample can withhold some potential difference.
The lower the value of a voltage, the higher the current in the sample. The higher the current, the
lower the damage on the composite after lightning strikes and also EMI. The current generated as
a result of the lightning would also flow easily in the gold nanofilm.
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Voltage vs Time
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Figure 55: Plot of voltage vs. time for silver nanofilm
The ultimate tensile testing machine helps one to recognize the amount of stress applied on
the material to the change in length. Stress applied to the composite panel will distort the shape of
the material. In this dynamic condition, it is very interesting to know the behavior of resistance to
the change in length. The plot of resistance versus strain of metallic nanofilm is shown in Figure
56. It was found that there is an increase in the resistance of all the metallic nanofilms with time.
But it was found gold having minimum resistance when compared other nanofilm followed by
silver, copper and aluminum.
It can be concluded that under load conditions of any kind, gold can discharge the current
more quickly; in other words, gold has the highest conductivity, as shown in Table 14. A
comparison of the resistivity/conductance of various nanofilms is shown in Figure 57. It was found
that silver has next highest conductivity, followed by other nanofilms.
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Resistance vs Strain
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Figure 56: Plot of resistance vs. strain of metallic submicro and nanofilm

TABLE 14
ELECTRICAL RESISTIVITY OF METALLIC SUBMICROFILM AND NANOFILMS
Sample Submicrofilm
Number and Nanofilm

Resistance (ohm)

Conductance (S)

1

Gold

0.017420972

57.4020787

2

Silver

0.027542768

36.30717149

3

Copper

0.104313055

9.586527798

4

Aluminum

0.407502048

2.453975396
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Figure 57: Resistance/conductance of metallic submicro and nanofilms
4.4

Electromagnetic Interference Test (P-Static Test)
A 40 kV setting with an ion streamer attachment was used with the intent to allow the flow

of current between 50 and 100 uA, while listening to static on an AM radio tuned to a frequency
with no radio stations or interference. When current was passed through the streamer onto the
composite panel, the radio frequency was being heard on radio at a standard distance. If the
composite panel noise was audible, then the electromagnetic waves were being interfered with and
the composite panel was not good for EMI shielding. The composite panel with metallic submicro
and nanofilms indicated no noise audibility on the AM radio during the test, as shown in Table 15.
The composite panel with glass prepregs showed a different result. No noise was audible on the
AM radio, but the panel retained a static charge after removing the streamer attachment. This may
have been because E-glass has charge-retention properties.
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TABLE 15
ELECTROMAGNETIC INTERFERENCE TEST RESULTS
Sample
Number

Test Panel

Voltage
(KV)

Current
(uA)

1

TP-1
(Carbon)

40

50–100

Static noise was audible on AM radio.

2

TP-2
(Glass)

40

50–100

No noise was audible on AM radio, but
panel retained static charge after removal of
streamer attachment

40

50–100

No noise was audible on AM radio.

40

50–100

No noise was audible on AM radio.

40

50–100

No noise was audible on AM radio.

40

50–100

No noise was audible on AM radio.

3
4
5
6

4.5

TP-3
(Aluminum)
TP-4
(Gold)
TP-5
(Silver)
TP-6
(Copper)

Radio Frequency

Lightning Strike Protection Tests
All test panels were constructed identically, based on a planned dimension of 20” x 20”

square. Lightning strike protective materials were considered for lightning strike damage
comparative testing. Gold, silver, aluminum, and copper metallic submicro and nanofilms were
tested for LSP. The damage area and the waveform are two important parameters relative to
lightning strikes on composite panels. Each test panel was grounded, and the electrode was
attached to the composite panel with a thin copper wire with a small gap to provide generation of
an arc.
4.5.1 Lightning Strike Protection Test (Calibration Test Panel)
Initially, the generator supporting the wave forms components was calibrated with the
aluminum panel, as shown in Figure 58. The resultant wave forms for components A, B, and C are
shown in Figure 59.
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Figure 58: Test panel setup for calibration

Figure 59: Current waveforms of A, B, and C components for calibrated coupons
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The blue curve in these graphs represents component A, the pink curve represents
component B, and the green curve represents component C. The calibrated test sample was
compared to the graph in Figure 4. As shown in Figure 59, the amplitude for component A has a
good curve—smooth and no sharp peak observed. The curve for component B is not of much
importance for composites and was found to be minimal. The component C curve was not smooth
but traveled a distance; time travel of the Component C graph should be less for good protection.
4.5.2 Lightning Strike Protection Test (Carbon Prepreg Test Panel)
The test panel with carbon prepregs was initiated with a full lightning current of 200 amps.
The type of damage was observed on both front and the back side of the composite test panel. The
area of damage depends on various parameters such as surface conductivity area and coating
thickness on the composite panel. The amount of damage on the surface of the panel was
concentrated, i.e., the arc root dispersion that usually forms during the lightning was not observed.
So the corona effect was observed, but the back of the composite test panel was found to be without
any damage as shown in Figure 60.

Figure 60: Test panel setup for carbon prepreg calibration
As shown in Figure 61, component A had an amplitude with a good curve, but the
amplitude was observed to be less compared to the calibrated sample. The curve was smooth and
no sharp peak was observed. The component B is not of much importance for composites, but the
curve was found to be minimal. The component C curve was not smooth, but traveled a greater
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distance. There is always the possibility of a return stroke on the composite panel, as the
Component C curve likes to attract charges towards it.

Figure 61: Test panel results of carbon prepreg calibration
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4.5.3 Lightning Strike Protection Test (Glass Prepreg Test Panel)
The test panel with glass prepregs was initiated with a full lightning current of 200 amps.
The type of damage was observed on both the front and back side of the composite test panel. The
area of damage depends on various parameters such as surface conductivity area and the coating
thickness on the composite panel.
The amount of damage on the surface of the panel was concentrated, i.e., the arc root
dispersion that usually forms during the lightning was not observed. Two concentrated splits were
found in the layers of the composite panel. This may be attributed to the reason that the glass can
hold up some charge in it. This residual charge may become areas of concentration and due to
corona effect the current will be more surrounded on those areas. So the corona effect was
observed, but the test panel on the back of the composite panel were found to be without any
damage as shown in Figure 62.

Figure 62: Test panel setup for glass prepreg calibration
As shown in Figure 63, component A did not have an amplitude with a good curve, but it
was sharp. The amplitude of component A was observed to be the highest. Component B is not of
much importance for composites, but the curve was found to be minimal. The component C curve
was not smooth and inconsistent. There is always the possibility of a return stroke on the composite
panel, as the Component C curve likes to attract charges towards it.
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Figure 63: Test panel results of glass prepreg calibration
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4.5.4 Lightning Strike Protection Test (Aluminum Prepreg Test Panel)
The test panel with aluminum prepregs was initiated with a full lightning current of 200
amps. Damage was observed on both the front and back sides of the composite test panel. The area
of damage depends on various parameters such as surface conductivity area and coating thickness
on the composite panel.
The amount of damage on the surface of the panel was not concentrated, i.e., the arc root
dispersion that usually forms during lightning was observed but was not continuous. The arc root
dispersion found to be concentrated in various places may be attributed to the uneven distribution
of paint. Therefore, the corona effect was observed. The test panel on the back of the composite
panel was found to be without any damage, as shown in Figure 64.

Figure 64: Test panel setup for aluminum prepreg calibration
As shown in Figure 65, component A had an amplitude with a good curve, but the
amplitude was observed to be less than that of the composite panels laid with gold and silver. The
curve was smooth and no sharp peak was observed. Component B is not of much importance for
composites, but the curve was found to be minimal. The component C curve was not smooth, but
traveled more distance compared to gold and silver. There is always the possibility of a return
stroke on the composite panel, as the Component C curve likes to attract charges towards it.
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Figure 65: Test panel results of aluminum prepreg calibration
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4.5.5 Lightning Strike Protection Test (Gold Prepreg Test Panel)
The test panel with gold prepregs was initiated with full a lightning current of 200 amp.
The type of damage was observed on both front and the back side of the composite test panel. The
area of damage depends on various parameters such as surface conductivity area and the coating
thickness on the composite panel. The amount of damage on the surface of the panel was
concentrated, i.e. the arc root dispersion, which usually forms during the lightning was not
observed. So the corona effect was observed, but the test panel on the back of the composite panel
were found to be without any damage as shown in Figure 66.

Figure 66: Test panel setup for gold prepreg calibration
As shown in Figure 67, component A had an amplitude with a good curve, but the
amplitude was observed to be less than that of the calibrated sample. The arc distribution was
observed to be evenly distributed on the composite panel. This can be attributed to the resistance
observed for the electrical current in gold. The curve was smooth and no sharp peak was observed.
Component B is not of much importance for composites, but the curve was found to be minimal.
The component C curve was not smooth but traveled less distance compared to the others, and the
curve was somewhat smooth. There is always the possibility of a return stroke on the composite
panel, as the Component C curve likes to attract charges towards it.
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Figure 67: Test panel results of gold prepreg calibration
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4.5.6 Lightning Strike Protection Test (Silver Prepreg Test Panel)
The test panel with silver prepregs was initiated with a full lightning current of 200 amps.
The type of damage was observed on both the front and back sides of the composite test panel.
The area of damage depends on various parameters such as surface conductivity area and the
coating thickness on the composite panel. The amount of damage on the surface of the panel was
concentrated, i.e., the arc root dispersion that usually forms during lightning was not observed.
Therefore, the corona effect was observed, but the test panel on the back of the composite panel
were found to be without any damage, as shown in Figure 68. The arc root dispersion was evenly
distributed but not as good as the gold and better than others.

Figure 68: Test panel setup for silver prepreg calibration
As shown in Figure 69, Component A had an amplitude with a good curve, but the
amplitude was observed to be less than that of the calibrated sample. The curve was smooth and
no sharp peak was observed. Component B is not of much importance for composites, but the
curve was found to be minimal. The Component C curve was not smooth, but traveled a greater
distance. The distance traveled was less for Component C than that for the others, expect for gold.
There is always the possibility of a return stroke on the composite panel, as the Component C
curve likes to attract charges towards it.
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Figure 69: Test panel results of silver prepreg calibration
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4.5.7 Lightning Strike Protection test (Copper Prepreg Test panel)
The test panel with copper prepregs was initiated with a full lightning current of 200 amps.
Damage was observed on both the front and back sides of the composite test panel. The area of
damage depends on parameters such as the surface conductivity area and the coating thickness on
the composite panel. The amount of damage on the surface of the panel was concentrated, i.e., the
arc root dispersion that usually forms during the lightning was not observed. So the corona effect
was observed, but the back of the composite test panel was found to be without any damage, as
shown in Figure 70. Puncture damage was concentered on the top face of the composite panel.

Figure 70: Test panel setup for copper prepreg calibration
As shown in Figure 71, Component A had an amplitude with a good curve, but the
amplitude was observed to be less compared to that of the calibrated sample. The curve was
smooth, and no sharp peak was observed. The electrical conductivity of the copper-laid composite
was observed to be minimal. Component B is not of much importance for composites, but the
curve was found to be minimal. The Component C curve was not smooth and very inconsistent,
the same as for glass, but traveled a shorter distance. There is always the possibility of a return
stroke on the composite panel, as the Component C curve likes to attract charges towards it.
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Figure 71: Test panel results of copper prepreg calibration
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CHAPTER 5
CONCLUSIONS
Under normal conditions, the resistance of composites with aluminum submicrofilm was
found to be highest, followed by the resistance of composites with copper submicrofilm, silver,
and gold nanofilms. Under strain, the resistance of metallic films showed completely different
results, with gold nanofilm being the highest, followed by silver, aluminum, and copper
submicrofilms. This can be attributed to the fact that gold has the highest ductility, followed by
silver, aluminum, and copper. The microstructures of the metallic submicro and nanofilms were
found to be without any cracks, and the grain was uniform, which explains the fact that metallic
submicro and nanofilms have good mechanical and electrical properties.
From the P-static test, it was concluded that all the metallic submicro and nanofilms were
conductive to electromagnetic radio waves. Carbon was found with audible noise, thus not good
for EMI shielding, but no noise was found with the other metallic submicro and nanofilms.
The composite panel with glass had a retained static charge, even after removal of the
streamer, which may be attributed to the fact that it was an E-glass, which can retain a charge.
Lightning strike tests show the following results:
Composite with Metallic Gold Nanofilm
•

Best results were observed here because the arc root dispersion was found to be continuous.

•

The A-bank had better stretch, and there was no damage on the back side.

•

The C-bank had continuous stretch, meaning that under dwell time, the current would not
return, thus allowing the current to flow through the composite panel on the surface.

•

The observed puncture in the composite panel did not penetrate, which may be attributed
to the conductive coatings that were 10 mils thick and could be reduced to 5 mils thick.
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Composite with Metallic Silver Nanofilm
•

This composite had good arc root dispersion, which was found to be continuous.

•

The A-bank had better stretch, and no damage was found on the back side.

•

The current was continuous.

Composite with Metallic Aluminum Submicrofilm
•

This composite had good arc root dispersion, but the discharge was not continuous, and
dispersions were found.

•

The A-bank did not have good stretch and was less curvy than either gold or silver, and no
damage was found on the back side.

•

The continuity of the current may not be possible in comparison to gold or silver.

Composite with Metallic Copper Submicrofilm
•

This composite had good arc root dispersion, but the discharge was not continuous, and
dispersions were found.

•

The A-bank had a long curve with more stretch, and no damage was found on the back
side.

•

The C-Bank curve was not consistent, meaning that the dwell current was fluctuating.

•

The continuity of current in copper may not be possible in comparison to gold or silver.

Composite with Glass
•

This composite panel was found to have splits in the glass, which may due to the residual
stress available during curing and the property of glass to retain a charge.

•

Punctures were found throughout, so it cannot be used for LSP and EMI.

•

The A-bank and C-bank stretches were very sharp, i.e., nonconductive.
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CHAPTER 6
FUTURE WORK
During the lightning strike test, it was observed that the area of damage was greater when
the volume of metallic submicro and nanofilm was less in quantity compared to the amount of
current applied during testing. Therefore, the volume or thickness of the submicro and nanofilm
could be increased.
Studies could be done on the damaged or punctured area where a repair of the damaged
composite panel is necessary. The concept of self-healing could be applied extensively for the
repair of the composite panel.
The problem of galvanic corrosion needs to be studied because there is a connection among
the various surfaces. Also, due to the fact that there is contact between the metallic films and the
carbon fiber, there is also a flow of electrons.
Composite damage depends on the thickness of the panel coatings. There could be a
behavioral study of the different coating thicknesses relative to lightning strikes.
Adhesion testing between submicro/nanofilm and the composite could be done. Scanning
electron microscopy imaging of the composite panels would further enlighten the study of damage
due to lightning strikes. Studying the electrical conductivity using atomic force microscopy surface
imaging would also support the validation of damage to composite panels from lightning strikes.
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